Aminopeptidase-N (APN) has been identified [B. Delmas, J. Gelfi, R. L'Haridon, L. K. Vogel, H. Sjostrom, 0. Noren, and H. Laude, Nature (London) 357:417-420, 1992] as a major receptor for porcine transmissible gastroenteritis virus (TGEV). Binding of TGEV to villous enterocytes from the jejuna of newborn pigs is saturable and at a higher level than that of binding of virus to newborn cryptal enterocytes or to enterocytes from older piglets (H. M. Weingartl and J. B. Derbyshire, Vet. Microbiol. 35:23-32, 1993 (14, 15) . It has also been shown experimentally that much higher doses of virus are required to produce disease in adult pigs than in newborn pigs (26). Histopathological studies of TGEV-infected piglets have shown that the absorptive epithelial cells on the villi of the small intestine are the main targets for the virus, which was not detected in the cryptal enterocytes or in the villous cores (12, 13) .
Aminopeptidase-N (APN) has been identified [B. Delmas, J. Gelfi, R. L'Haridon, L. K. Vogel, H. Sjostrom, 0. Noren, and H. Laude, Nature (London) 357:417-420, 1992] as a major receptor for porcine transmissible gastroenteritis virus (TGEV). Binding of TGEV to villous enterocytes from the jejuna of newborn pigs is saturable and at a higher level than that of binding of virus to newborn cryptal enterocytes or to enterocytes from older piglets (H. M. Weingartl and J. B. Derbyshire, Vet. Microbiol. 35: [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] 1993) . The distribution of APN in enterocytes in the jejuna of neonatal and 3 week-old-piglets, as determined by the measurement of enzymatic activity and by labeling of the cells with an anti-APN monoclonal antibody, did not correspond with the reported distribution of saturable binding sites on enterocytes. Monoclonal antibodies, which were prepared against plasma membranes derived from enterocytes harvested from the upper villi of newborn pigs, blocked the replication of TGEV, but not the porcine respiratory coronavirus, in ST cells and immunoprecipitated a 200-kDa protein in ST cell lysates. This protein was demonstrated by immunohistochemistry and by fluorescence-activated cell scanning to be present on the villous enterocytes of newborn pigs but to be lacking on the cryptal enterocytes of newborn pigs and on the villous and cryptal enterocytes of 3-week-old piglets. Since this distribution of the protein corresponds to the previously demonstrated distribution of saturable binding sites, we conclude that the 200-kDa protein may be an additional receptor for TGEV which is restricted to the villous enterocytes of newborn pigs and which contributes to the age sensitivity of these animals to the virus.
Transmissible gastroenteritis virus (TGEV) is an enteric coronavirus which causes severe and frequently fatal diarrhea in newborn pigs, while the clinical signs in older piglets or in adult pigs are mild or inapparent (14, 15) . It has also been shown experimentally that much higher doses of virus are required to produce disease in adult pigs than in newborn pigs (26) . Histopathological studies of TGEV-infected piglets have shown that the absorptive epithelial cells on the villi of the small intestine are the main targets for the virus, which was not detected in the cryptal enterocytes or in the villous cores (12, 13) .
It has been suggested that several factors may contribute to the severity of TGE in newborn pigs. These include the relatively low replacement rate of enterocytes in newborn pigs (9) ; the presence of enterocytes of fetal origin, containing a prominent tubulo-vacuolar system which might facilitate virus replication, on the villi of newborn pigs (22) ; and the lack of natural killer activity in the intraepithelial lymphocytes of newborn pigs (2) . The preferential tropism of the virus for the villous enterocytes of newborn pigs could be related to the presence of specific high-level virus-binding sites on these enterocytes, which are lacking on the cryptal enterocytes and on the enterocytes of older piglets (23) .
Aminopeptidase-N (APN) has been identified as a major receptor for TGEV on both swine testis (ST) cells and porcine enterocytes (3) . APN has also been identified as a receptor for the human coronavirus 229E (28) . Since APN belongs to the prominent group of intestinal microvillar peptidases involved in the final hydrolysis of ingested nutrients (11) , its presence could explain the intestinal tropism of TGEV, but not the preferential tropism of the virus for the villous enterocytes of newborn pigs. In the present studies, we confirmed that the distribution of APN in enterocytes from the villi and crypts of newborn and older piglets, as determined by the measurement of enzymatic activity and by labeling of the cells with an anti-APN monoclonal antibody (MAb), did not correspond with the previously determined distribution of high-level binding sites for the virus (23) . By means of a MAb prepared against plasma membranes derived from villous enterocytes harvested from newborn pigs, we have identified a 200-kDa protein in ST cells and in villous enterocytes in newborn pigs which may be a second receptor for TGEV and which may contribute to the age sensitivity of these animals to the virus.
MATERUILS AND METHODS
Cells. The ST and MDBK cell lines and NS-1 myeloma cells were obtained from the American Type Culture Collection (ATCC) and were cultivated by standard methods. Porcine enterocytes were collected from the jejuna of nursing 3-day-old piglets and from 3-week-old weaned piglets. The piglets were obtained from a specific-pathogen-free herd of Yorkshire swine which were serologically negative for antibodies against TGEV and the porcine respiratory coronavirus (PRCV). They were killed by an intravenous overdose of sodium pentobarbitone, and the enterocytes were harvested in seven fractions from the tips of the villi to the crypts of the jejunum by chelation with EDTA as described previously (23) . It was determined histologically that the enterocytes in fractions I and II were derived from the upper third of the villus and that those in fractions III and IV were from the middle third of the villus, while the enterocytes in fractions V and VI were from the lower third of the villus and those in fraction VII were from the crypt (23) . Alkaline phosphatase activity was determined as described elsewhere (24) , and protein content was measured by the method described by Bradford (1) . APN activity (20) a Fractions I and II were derived from the upper third of the villus, fractions III and IV were derived from the middle third, fractions V and VI were derived from the lower third, and fraction VII contained cryptal enterocytes.
RESULTS
Distribution of APN enzymatic activity in porcine enterocyte fractions. To determine whether the distribution of APN corresponded with the previously described high levels of saturable binding of TGEV (23), enterocytes were harvested from two newborn and two 3-week-old piglets as a series of seven fractions from the tips of the villi to the crypts and were assayed for APN enzymatic activity. The same fractions were also assayed for alkaline phosphatase activity, which has been shown to decline progressively from the villi to the crypts (24) . Similar levels of APN activity were found in newborn and older piglets (Table 1) , and there were no consistent differences in the levels of activity among the various fractions. In contrast, levels of alkaline phosphatase activity in the crypts that were lower than those in the villi were found.
Preparation of MAbs.
In an attempt to demonstrate an additional receptor for TGEV on the villous enterocytes of newborn pigs, MAbs were prepared from plasma membranes harvested from these cells. Supernatants from 18 of the more than 600 hybridomas which were produced reacted in the screening ELISA with the ST cell lysate, and these 18 clones were further tested for blocking of Miller- 6 from the ST cell lysate (Fig. 1) . The 50-kDa protein seen in lane 2 of Fig. 1 was also precipitated in negative controls by rPG, in the absence of primary antibody. The specificity of immunoprecipitation was confirmed by Western blotting of immunoprecipitates transferred onto polyvinylidene difluoride membranes after SDS-PAGE. The blots were probed with MAb 166 (Fig. 2) (Fig.  3A) . There was no specific staining with this antibody of cryptal enterocytes in newborn pigs, and no staining was observed in the tissue sections obtained from older piglets or in trypsintreated sections. Conversely, with MAb G43 as the primary antibody, staining of the villous enterocytes was observed in both the newborn (Fig. 3B) 
DISCUSSION
The high degree of tropism of TGEV for the villous enterocytes of newborn pigs is well established (12, 13) and has been suggested as a factor in the age sensitivity of newborn pigs to the virus (22) . It has also been suggested (21) that the cessation of mucosal uptake of macromolecules in the intestine by 19 days after birth and the increased resistance of piglets to enteric virus infections at this time are dependent on the final disappearance of cells of fetal origin from the intestine. As a result of early studies of porcine neonatal villous enterocytes (22) , it has been suggested that the rather extensive system of microcanaliculi which characterizes these cells might facilitate virus uptake and virus production. Moreover, it has been shown more recently that the binding of TGEV to the villous enterocytes of newborn pigs and to ST cells was significantly higher than the binding of virus to all other enterocyte fractions from both newborn and weaned piglets (23 (21) and with the distribution of cells stained with anti-TGEV antibodies in sections of the jejuna of pigs infected with the virus (7), although others have found TGEV antigen to be more widely distributed throughout the villous enterocytes (12) . The lack of specific staining of the 200-kDa protein in sections which had been treated with trypsin suggested that the protein is expressed on the cell surface. By FACS, the distribution of cells expressing the 200-kDa protein corresponded well with the pattern of high, saturable virus binding previously obtained (23) .
On the basis of the findings reported in the present paper, we postulate the existence of two receptors which contribute additively to the binding of TGEV: the previously described (3) APN, which seems to be widely distributed on enterocytes and probably on other tissues, irrespective of age; and a second 200-kDa protein receptor which is restricted to the villous enterocytes of newborn pigs and which may be a major factor in determining the high level of susceptibility of newborn pigs to TGEV. More than one receptor has been identified in relation to the tissue tropism of several other viruses, including mouse hepatitis virus (10), herpes simplex virus (18) , rabies virus (6) and bovine viral diarrhea virus (27) . In the case of poliovirus (19) , in addition to the virus receptor, a protein has been identified which, while not functioning as a receptor, is critical for virus attachment. This protein is believed to be involved in the determination of tissue specificity. However, TGEV may be the first virus for which a second receptor with a specific role in relation to age susceptibility has been identified. It has been proposed elsewhere (16) that the S protein of enteric strains of TGEV possesses two receptorbinding sites, while respiratory strains of the virus have only a single receptor-binding site. Our finding that the binding of TGEV, but not PRCV, to ST cells was blocked by antibodies against the putative 200-kDa receptor for TGEV seems to support this hypothesis. It would also be of interest in this context to determine whether the putative 200-kDa receptor is present in porcine respiratory tissues.
In conclusion, we suggest that the presence of a receptor or binding factor on the enterocytes of newborn pigs which has high affinity for TGEV, such as the putative 200-kDa receptor, may explain the high susceptibility of newborn pigs to the virus. This receptor may be restricted to the absorptive epithelial cells of fetal origin, in which case it would be lost when these cells are shed from the villi with increasing age. This hypothesis could also explain the observation that in infected piglets, the cells which replace the virus-infected enterocytes are relatively resistant to the virus (5), since the replacement cells would be of the adult type, lacking the high-affinity receptor for TGEV. Conversely, the more widespread, lower-affinity APN receptor would contribute to the survival of TGEV in the porcine population by facilitating low-grade replication of the virus in pigs of all ages.
